Polydnaviruses produced by the hymenopteran endoparasitoid Cotesia rubecula are deposited together with the egg into the lepidopteran host Pieris rapae and are apparently involved in the suppression of the host's defence system. Around 6 h post-parasitization host haemocytes change their surface properties, actin cytoskeleton structure and adhesion properties. Here we show that a single polydnavirus gene is expressed inside the caterpillar haemocytes in a transient fashion between 4 to 8 h post-parasitization.
Introduction
Solitary wasps that deposit eggs into other insects and subsequently develop within the host, which is invariably killed, have adopted effective physiological devices to overcome the defence system of their habitual host. For example, most endoparasitoid wasps within the hymenopteran families carry polydnaviruses which are co-injected together with the egg into the host insect and are believed to be involved in the manipulation of host physiology. Polydnaviruses are unusual in that the production of virus particles and replication of viral DNA are not detected outside the ovary of the female wasp. Instead, polydnavirus DNA is an integrated part of the wasp genome and is transmitted chromosomally from one wasp generation to the next (Fleming, 1992; .
Polydnaviruses infect host tissues (Stoltz & Vinson, 1979) , and transcribe specific parts of the segmented, circular DNA molecules in virus-infected cells (Blissard et al., 1986a, b; Fleming et al., 1983 ; Stoltz et al., 1988; Theilmann & Summers, 1988) . A number of cellular and physiological effects in the parasitized host are directly related to the expression of polydnavirus DNA, including hormonal (Beckage, 1993; Dover et aI., 1987 Dover et aI., , 1988 and developmental changes , suggestive of virus involvement in host manipulation by the parasitoid.
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polydnaviruses from the ichneumonid Campoletis sonorensis (Edson et al., 1981; Theilmann & Summers, 1986) . Subsequent studies in this and other systems showed that polydnavirus virions enter the haemocytes of the host insect changing cellular properties that are crucial for defence reactions against foreign objects, like the intruding parasite (Davies et a] ., Guzo & Stoltz, 1987; Strand, 1994; Strand & Pech, 1995a) . Essential structural and functional aspects of haemocytes are affected by polydnaviruses including abolition of cell adhesion properties Strand & Pech, 1995a) , disruption of actin filaments (Webb & Luckhart, 1994 ) and induction of cell death (Strand & Pech, 1995 b) .
However, the identification of specific virus gene products that are involved in specific haemocyte changes is hampered by the large size of the viral genome and the complexity of viral gene expression in the host. Moreover, in some parasitoid systems the polydnavirus-mediated inactivation of the host immune response is complicated by a separate action of calyx gland proteins (Webb & Luckard, 1996) and venom gland secretions (Kitano, 1986; involved in the inactivation or enhancement of virus-mediated inactivation (Stoltz et al., 1988) .
In the braconid parasitoid Cotesia rubecula a combination of passive protection of the egg surface against immune recognition (Asgari & Schmidt, •994 ) is combined with an active abrogation of the cell-mediated defence system of the host caterpillar Pieris rapae. Here we show that the inactivation of host haemocytes is caused by C. rubecula polydnavirus (CrV), which is expressed in host haemocytes as a single transcript in a transient fashion. Cloning and sequencing of the coding DNA provides an experimental basis for the study of virusmediated haemocyte changes in parasitized host insects.
Methods
• Insect cultures and parasitization. The parasitoid wasp C. rubecula was reared in the laboratory on the host caterpillar R rapae, which was grown on cabbage plants. Insects were maintained under a 14 h light-10 h dark photoperiodic regime at 25 °C. Adult wasps and butterflies were fed with 100% and 25 % honey solutions, respectively. To obtain parasitized caterpillars, fourth instars were placed in small containers along with adult female wasps. The caterpillars were collected at a series of time periods post-parasitization (p.p.) and kept frozen at --80 °C for further analysis.
• Southern blot hybridization. Polydnaviruses were extracted from dissected ovaries of female C. rubecula wasps and DNA was isolated from virus preparation as described previously (Asgari & Schmidt, 1994) .
DNA was electrophoretically separated on I% agarose gels and transferred onto nylon membranes (Amersham) as described (Sambrook et al., 1989) . The filters were incubated for 2 h in prehybridization solution (in 5 x SSC, 5 x Denhardt's solution, 0'5% SDS, 0'2 mg/ml herring sperm DNA). The labelled probe was added and hybridization was carried out overnight at 65 °C. The filters were washed twice in 2xSSC--O'1% SDS and 0"2 x SSC--0'1% SDS for 20min at 65 °C, respectively, and autoradiographed.
• Northern blot hybridization. Total RNA was extracted from P.
rapae caterpillars or dissected fat body and haemocytes as described (Chomczynski & Sacchi, 1987) .
RNA samples were electrophoretically separated under denaturing conditions on low-formaldehyde 1"2 % agarose gel as described (Ausubel et al., 1993) . RNA samples were transferred to a nylon membrane for hybridization (Sambrook et al., 1989) . The filter was prehybridized for 3 h (in 5 x SSC, 5 x Denhardt's solution, 0"5% SDS, 0'2 mg/ml herring sperm DNA). The labelled probe was then added and hybridization was carried out overnight at 65 °C. The membrane was washed twice in 2 x SSC-O-1% SDS for 20 min at 65 °C and twice in 0"2 x SSC-0"1% SDS, 20 min at 65 °C under continuous rotation and then autoradiographed.
• cDNA library construction and screening. A cDNA library was constructed from P. rapae caterpillars that were parasitized 6 h previously. Total RNA was extracted and poly(A)+-containing RNA was isolated from total RNA using PolyATtract mRNA Isolation System IV (Promega, Technical Manual). DNA strands complementary to the RNA were synthesized using RiboClone cDNA Synthesis System (Promega) in two reactions. EcoRI adaptors were ligated to blunt-ended cDNA molecules followed by a kinase reaction, using RiboClone EcoRI Adaptor Ligation System (Promega). cDNA fragments were ligated to 2gtl0 arms and packaged using Packagene extracts (Promega).
About 5 x 108 recombinant phages were screened using stringent hybridization conditions (Ausubel et al., 1993) . The filters were hybridized (in 5 x SSC, 5 x Denhardt's solution, 0"5% SDS, 0"2 mg/ml herring sperm DNA) overnight at 65 °C, using ~P-labelled CrV-DNA as a probe. The filters were washed twice with 2 x SSC, O" 1% SDS and twice with 0"2xSSC, 0'1% SDS, 20rain each time at 65°C, and then autoradiographed.
Positive plaques were picked with a Pasteur pipette and incubated in suspension medium (lOOmM-NaC1; 8 mM-MgSO4; 50 mM-Tris--HCl, pH 7"0; 0"01% gelatine). The eluted phages were titrated, plated and rescreened to obtain single phage lysates. Specific primers located adjacent to the EcoRI cloning sites of 2gtl0 were used to amplify the insert by PCR. Amplified DNA bands were cloned into pBluescript II KS(+) and sequenced with an Applied Biosystems 373A DNA Sequencing System.
• Labelling of DNA probes, cDNA fragments used as hybridization probes for Southern and Northern blots were labelled with [32PldCTP using the Megaprime DNA labelling system (Amersham). CrV-DNA was cut with EcoRI, HindIII and AluI before the labelling reaction.
DNA probes for in situ hybridization to tissue sections were digoxigenin (DIG)-labelled, using a 2gtl0-specific reverse primer and a CrVI-specific primer (5' CTGAGGCACCTCGGAAGC 3') which amplified a 330 bp fragment. A DIG-labelling kit (Boehringer Mannheim) was used with the components and thermocycling conditions of the PCR reaction adopted from manufacturer's protocol.
• In situ hybridization of tissue sections. Hybridization of DIGlabelled DNA to tissue sections was performed as described previously (TheopoId et al., 1995) . In short, the caterpillars were cut into 8 ~am sections and mounted on Silane-prep slides (Sigma), fixed with paraformaldehyde, treated with proteinase K, and acetylated. Following prehybridization, 5 gl of a DIG-labelled probe was mixed with 50 gl prehybridization solution (4 x SSC, 50% formamide, I x Denhardt's solution, I mg/ml tRNA, 10 mM-DTT and 5% dextran sulphate), denatured at 70 °C for 5 min, cooled on ice for 5 min and applied onto each slide, covered with a coverslip and sealed with rubber cement. Hybridization was at 42 °C in a moist chamber. After extensive washing, 50 gl of phosphatase-conjugated anti-DIG antibody solution (1 : 1000 in PBS with 2% BSA, 0'3% Triton X-100) was applied onto each slide and incubated for 1 h at room temperature. To visualize the hybridized probes, 50 gl colour solution (50 gl Nitro Blue Tetrazolium, 2'5 gl 5-bromo-4-chloro-3-indolyl phosphate in I ml (100 mM-Tris-HC1, pH 9"5, i00 mM-NaC1, 100 mM-MgC12) was applied onto each slide, covered with a coverslip and incubated ovemight at room temperature. The slides were washed in Tris-EDTA (pH 8"0) for 10 rain and in double distilled water for 2 min.
• F-actin and lectin staining of haemocytes. FITC-conjugated phalloidin was used to stain F-actin in P. rapae haemocytes after attachment to glass slides (Webb & Luckhart, 1994) . Helix pomatia lectin conjugated with FITC was applied onto haemocytes as described (Theopold et al., I996) .
Results

Haemocyte changes after polydnavirus infection
Haemolymph from parasitized and unparasitized caterpillars was analysed at different time-periods p.p. No differences were found until 6 h p.p., when the haemolymph became less viscous and haemocytes started to change the composition of cell surface components and adhesive properties. Similar results were obtained after virus injection into caterpillars (not shown) but only effects from parasitized caterpillars are reported here due to the ease in timing and minimal effects of wounding in parasitized caterpillars.
Haemocytes from caterpillars that have been parasitized for more than 6 h aggregated less frequently and granulocytes attached to the glass surface spread less readily. To test whether cell surface properties are changed in parasitized haemocytes, they were allowed to attach to a glass surface and treated with FITC-conjugated Helix pomatia lectin, which specifically recognizes a Drosophila melanogaster mucin-like glycoprotein, located on the haemocyte surface and involved in immune induction (Theopold et al., 1996) . In haemocytes from unparasitized caterpillars a large proportion of haemocytes, mainly granulocytes, were heavily labelled by the lectin, labelled total virus genomic DNA and exposed to X-ray film for 30 min for haemocytes and 5 h for the fat body. CrV1 was the major virus gene expressed in the fat body and haemocytes. Minor expression of CrV2 was detected in the fat body but not in haemocytes even under overexposed conditions.
whereas in haemocytes from parasitized caterpillars changes in lectin-labelling became visible 6 h p.p. when the lectin-label on the haemocyte surface starts to decrease and after 24 h it had completely disappeared (Fig. 1) . This is probably due to the failure of granulocytes from parasitized caterpillars to attach to the glass surface, reducing the number of granulocytes present. However, under conditions where haemocytes could be inspected without the need to attach to a glass surface, the lectin-label has nevertheless disappeared from the cell surface of the granulocytes. Using Hoechst staining, on haemocytes from parasitized caterpillars, no evidence for apoptosis was found, in contrast to the observations in a related braconid system (Strand & Pech, 1995 b) .
Since it is known that mucin-like components are continuously internalized and recycled to the surface (Theopold et al., 1996) , we investigated whether haemocytes from parasitized caterpillars display structural alterations of actin filaments. Using FITC-conjugated phalloidin as an indicator of F-actin (Webb & Luckhart, 1994) , changes in the cytoplasmic actin filaments were detected in haemocytes around 6 h p.p. (Fig. 2) . The changes in actin filaments are comparable to those seen in H. virescens haemocytes caused by Campoletis sonorensis parasitization (Webb & Luckhart, 1994 ). Since the effects in H. virescens are already visible 30 min p.p., they are probably not caused by C. sonorensis polydnavirus expression in host haemocytes, but are due to components in the ovarian fluid that are co-injected into the host together with the egg and the virus (Webb & Luckhart, 1994) . In contrast, the effects in parasitized P. rapae haemocytes are not visible within the first 4 h p.p. and coincide with the detection of the polydnavirus transcript, suggesting that the effects in this system are probably caused by virus gene expression.
Temporal expression of CrV genes in the host
Total RNA extracted from P. rapae caterpillars at various times p.p. was analysed on Northern blots using radioactively labelled C. rubecula viral DNA (CrV-DNA), comprising the complete virus genome, as a hybridization probe. Hybridization results suggest that the virus RNA is expressed 165~ Fig. 5 . Expression of polydnavirus transcript in tissue sections of parasitized P. rapae caterpillars using DIG-labelled CrVl -cDNA as a probe. After in situ hybridization the localization of labelled probe was visualized using phosphatase-conjugated antibodies as prescribed in Methods. Examples of stained cells are indicated by arrowheads.
in host tissues within a distinct time-period, starting from 4 h p.p. to 8 h p.p. (Fig. 3 a) . Two major RNAs were detected in caterpillars and the peak of gene expression in both RNAs was observed 6 h p.p. RNA from unparasitized caterpillars did not cross-hybridize to the probe. To establish whether the expressed RNA constitutes protein-coding RNA, a poly(A) +-RNA fraction from caterpillars was tested on a Northern blot (Fig. 4, lane I) . The hybridization experiment suggests that the virus DNA hybridized to two transcripts with an estimated size of 1-4 kb (CrVI) and 1"i kb (CrV2).
To establish whether there is tissue-specific expression of virus DNA in the host caterpillar, RNA from the fat body and haemocytes was tested on Northern blots using total CrV-DNA as a probe. Under these conditions only a single transcript (CrV1) was detected in haemocytes (Fig. 4, lane 5) , even under overexposed conditions, whereas in the fat body both CrVI and CrV2 were detected, similar to the signals in total mRNA (Fig. 4, lane 3) . The two transcripts CrVI and CrV2 are probably encoded by unrelated virus genes (see below).
The transcript of the polydnavirus gene CrV1 was located to small patches within the fat body of parasitized caterpillars by in situ hybridization to tissue sections (Fig. 5) . The transcripts were detectable between 4 and 8 h p.p. No attempts were made to establish possible structural and functional changes in infected fat body cells from parasitized caterpillars.
Molecular cloning of the CrV1 gene
To isolate cDNA fragments from virus encoded mRNA, a figtl0 cDNA library was constructed from P. rapae caterpillars that were parasitized 6 h previously. The library was screened using radioactively labelled CrV-DNA as a probe. Positive recombinant phages were analysed by PCR, using 2gtl0 specific primers, and a 1"4 kb clone was chosen for subcloning into a plasmid vector. To establish the identity of the cDNA fragment, the insert was used as a probe to test a Northern blot of total RNA from parasitized and unparasitized caterpillars (Fig. 3 b) . The cDNA fragment hybridized to the CrVI band, indicative that the cloned cDNA fragment represented the expressed CrV transcript. The hybridization pattern to caterpillar RNA from various time-periods p.p. coincided with the CrV1 band labelled with total CrV-DNA as a probe (Fig. 3 a) , and a similar short time-window of expression with virtually no transcripts visible except for the period 4-8 h p.p.
To verify the virus origin of the CrV1 gene, a Southern blot containing genomic DNA from male wasps and CrV-DNA from isolated virus particles was tested using the cDNA fragment as a probe (Fig. 6) . No cross-hybridization to P. rapae genomic DNA was detectable, indicating that the cDNA is wasp-specific (Fig. 6, lane 1) . When the pattern of hybridization between wasp genomic DNA and virus DNA was compared, a difference in one of the two BamHI restriction fragments was observed. Whereas EcoRI and HindIII digests are not different for this particular gene, one of the BamHI restriction fragments is larger in the wasp genome. This supports the notion that the CrV1 gene is present as a circular DNA and is integrated into the wasp genome. As in other braconid and ichneumonid parasitoids, the polydnavirus DNA is transmitted from one wasp generation to the next in the chromosomes and is packaged into virus particles as circularized DNA molecules (Fleming, 1992; Krell, 1991) .
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Deduced CrV1 protein sequence
DNA sequencing of the cDNA fragment coding for the CrV1 protein confirmed the transcript to be a poly(A) +-containing RNA with an open reading flame of 912 bp coding for a deduced protein of 304 amino acids (Fig. 7) . A methionine codon at the beginning of the open reading frame was identified as a possible initiation codon (Cavener & Ray, 1991) . Several termination codons starting at nucleotide position 912 delimit the open reading frame at the 3' end. The deduced protein sequence contains a hydrophobic peptide at the N terminus with the features of a signal peptide which is possibly cleaved (Fig. 7) . A putative N-glycosylation site is present beginning at nucleotide 789. This could suggest that the CrV1 protein is expressed inside polydnavirus-infected haemocytes and fat body cells, transferred through cellular membranes, and released into the extracellular space.
Discussion
Expression of the C. rubecula polydnavirus genome in haemocytes of parasitized P. rapae caterpillars appears to consist of a single RNA in a highly transient fashion. This is in contrast to other known parasitoid systems, where a number of viral multigene families are transcribed in host cells and tissues (Summers & Dib-Hajj, 1995) and where most of the transcripts persist for a large portion of parasitoid development inside the host caterpillar (Strand et al., 1992; Theilmann & Summers, 1986) . After parasitization of the host caterpillar, the initial protection of the C. rubecuIa egg against the host defence is AAA TCA GATTCT ACA GOU GAAAGACTTGCG CCATCA ACA AAC GACTTC GATGAA TCT GAT  153  162  171  180  189  198  207 216 
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AAA ACC CAC CAG TAT GAA TAT GAA Tcr GAA ACA TCW GAA AAA CGC CAC Al"r ACC CU-'T GAA GAT 1'TG crr 513 522 531 .540 549 55g 56"7 5"76 ATr CGG GTA GAA AAT GAG ATC  585  594  603  612  62t  630  639 648 TrrTGA TCC CTA TATGTAGCATCTGAA  873  882  891  900  909  918  927 iiiiiiiiiii ii iiii iii i iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii recovered host defence by an unknown mechanism. This could indicate that the initial protective strategy of C. rubecula eggs and early larvae relies on two types of molecules, one providing protection against host immune recognition (Asgari & Schmidt, 1994) , the other altering immune competence of host haemocytes in a transient fashion. Given that host haemocytes are probably changed by a short pulse of CrV1 gene activity, the C. rubecula endoparasitoid may constitute an ideal experimental system to study the transformation of haemocyte properties in the parasitized host. The disappearance of cell surface glycoproteins recognized by the H. pomatia lectin may constitute a cellular indicator for changes in the adhesive properties, since other lectin-binding properties, like wheat-germ agglutinin did not change after parasitization. In Drosophila, the H. pomatia Iectin specifically binds to a mucin-like glycoprotein which is involved in immune induction of haemocytes (Theopold et al., 1996) . In P. rapae haemocytes, the H. pomatia lectin binds predominantly to granulocytes, which are known in lepidopterans to initiate the immune response (Ratcliffe et al., 1993) . In granulocytes from parasitized caterpillars the lectin-labelling changes between 4 and 8 h p.p. and has completely disappeared by 24 h p.p. The disappearance of lectin-labelling is probably due to the reduction in the amount of glycoprotein on granulocytes caused by an unknown mechanism, and coincides with changes in adhesive properties of the cells. Polydnavirus infected haemocytes do not attach to each other or to bacteria and no phagocytic activity is discernible in these haemocytes. Thus, the observed changes in the corresponding haemocyte types are probably due to the reduction in adhesive properties, as indicated by altered attachment and spreading behaviour of granulocytes from parasitized caterpillars on a glass surface (Davies ef aI., 1987) . Other haemocytes, like plasmatocytes, lack a mucin-like glycoprotein, but it is possible that surface properties of all haemocytes from parasitized caterpillars are changed, resulting in a dramatic shift of adhesive properties. Both granulocytes and plasmatocytes from parasitized caterpillars differ from non-parasitized haemocytes in the cytoplasmic structure of actin filaments, suggestive of a disruption of cell surface and cytoplasmic connections.
How are polydnaviruses able to change haemocyte properties? Two possible modes of virus action are possible: virus coat or associated proteins might interact directly with the haemocyte, or the virus DNA is transcribed inside the host cell exerting cellular changes through viral gene expression. We suspect that the virus protein pCrV1, coded by the C. rubecula polydnavirus DNA, is responsible for the observed haemocyte changes, although an (additional) involvement of particle proteins is difficult to rule out at this stage. Although two polydnavirus-specific transcripts are produced in P. rapae fat body tissues, only a transcript of 1"4 kb in size is detected in haemocytes. Moreover, the timing of cellular changes and the production of the polydnavirus transcript inside haemocytes coincide between 4-8 h p.p. If the observed haemocyte changes are caused by the interaction of particle proteins with infected haemocytes some of the changes should be detectable before a 4 h period p.p. Infection of haemocytes with UVirradiated viruses will clarify the mode of CrV action.
Previous results suggest that C. rubecula eggs are passively protected against the host's immune recognition by a calyx fluid protein, which is found on the surface of eggs and polydnaviruses (Asgari & Schmidt, I994) precluding immune recognition and inactivation of the egg immediately after parasitization. Haemocyte inactivation, starting 4 h p.p., may then provide protection for the emerging parasitoid larva at a later stage of wasp development inside the caterpillar. This is obviously different to the protection strategy observed in the ichneumonid C. sonorensis, where a passive protection of wasp eggs has been ruled out (Edson et at., I98I) . Instead the wasp egg appears to be protected by the po]ydnavirus or virusrelated proteins (Theilmann & Summers, I986; Webb & Luckhart, 1996) . Early haemocyte alterations in the host H. virescens that precede virus expression appear to be caused by ovarian fluid proteins that are similar to C. sonorensis virus particle proteins and are co-injected together with the eggs into the caterpillar (Webb & Luckhart, I994). It will be interesting to uncover the differences and similarities of the two systems when the corresponding genes in C. sonorensis have been cloned.
At this stage we can only speculate on the possible function of the C. rubecula polydnavirus protein coded by the CrV1 gene. The presence of a signal peptide suggests that the protein is secreted through cellular membranes and probably proteolytically cleaved to be secreted. However, the mode of interaction with cellular proteins and the identity of possible cellular receptors for the CrV1 protein are not known at this stage.
It is of interest to note the steep decline of polydnavirus gene expression in haemocytes around 6 h p.p. The quick shutoff in gene expression is apparently not affected by the initial quantity of polydnavirus or subsequent addition of virus through super-parasitization, suggesting that the decrease in virus gene expression is not caused by a depletion of virus DNA template. The observation that all infected cells discontinue transcription at the same time suggests that regulatory events initiated by polydnavirus gene expression cause a dramatic change in differentiation status which may lead to the temporary inactivation of these cells.
